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Abstract: Inﬂ  uenza virus infection induces apoptosis and the expression of a set of pro-inﬂ  ammatory cytokine genes, such 
as interleukin (IL)-6, tumor necrosis factor (TNF)-α, interferon (IFN)-β and IFN-γ, in cultured human fetal membrane 
chorion cells. Monocyte differentiation-inducing (MDI) activity in culture supernatants is simultaneously increased by the 
virus infection. The MDI activity is predominantly inﬂ  uenced by IL-6 molecule in culture supernatants, and partly by TNF-α 
and IFN-β, but not IFN-γ, molecules. The MDI factors are able to induce the mRNA expression of macrophage class A 
scavenger receptor (SR-A), which is one of adhesion and apoptotic cell-recognizing molecules, and gp91
phox, which is a 
catalytic subunit of reduced nicotinamide adenine dinucleotide phosphate (NADPH) oxidase enzyme complex, on monocytic 
cells. As a result, monocytes are initiated to differentiate into well-matured macrophages capable of adhering and producing 
superoxide through NADPH oxidase. The matured macrophages, obtained from human monocytic leukemia THP-1 cells 
by the treatment with MDI factors, phagocytose apoptotic chorion cell debris resulting from the virus infection. Subsequent 
to phagocytosis, an abrupt increase of superoxide production by macrophages may occur. In this article, we summarize 
recent knowledge about the MDI factors derived from human fetal membrane chorion cells undergoing apoptosis after 
inﬂ  uenza virus infection, and discuss their possible pathological roles during pregnancy.
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Introduction
The past inﬂ  uenza pandemics clearly demonstrate that inﬂ  uenza virus infection during pregnancy has 
been implicated as one of the causes of premature delivery, abortion and stillbirth (Hardy et al. 1961; 
Harris, 1919). Inﬂ  uenza virus type A infection during pregnancy is still an etiological awareness at the 
present day (Stanwell-Smith et al. 1994), and many pregnant women (0.25%–0.51%) are hospitalized 
for the inﬂ  uenza infection (Hartert et al. 2003; Neuzil et al. 1998). Inﬂ  uenza A viruses have been isolated 
from placenta and amniotic ﬂ  uid during the third trimester in fatal (Jewett, 1974; Yawn et al. 1971) and 
non-fatal cases (McGregor et al. 1984). The occurrence of viremia with inﬂ  uenza virus has been 
substantiated (Lehmann and Gust, 1971; Naﬁ  cy, 1963; Ritova et al. 1979; Stanley and Jackson, 1966), 
and it has been demonstrated that inﬂ  uenza viruses spread to placenta, fetal membranes and amniotic 
ﬂ  uid via the bloodstream (Rushton et al. 1983; Sweet et al. 1977). Therefore, it is important to study 
the virulence of inﬂ  uenza virus infection to gestational tissues in order to understand the etiology of 
inﬂ  uenza-associated interruption of pregnancy.
Human fetal membranes are composed of amnion, chorion and decidua tissues (Lavery, 1987). They 
form boundaries between the fetus and the external world, playing a critical role as defensive barriers 
against infection in order to maintain normal pregnancy (Grossman and Dennis, 1987). To elucidate 
the virulence of inﬂ  uenza virus infection to human fetal membranes, we have been investigating the 
induction of apoptosis and pro-inﬂ  ammatory cytokine gene expression in primary cultured chorion and 
amnion cells. We reported that inﬂ  uenza virus replicates in both cultured chorion and amnion cells, 
while in only chorion cells the virus infection induces apoptosis and the expression of a set of 
pro-inﬂ  ammatory cytokine genes, such as interleukin (IL)-1β, IL-6, tumor necrosis factor (TNF)-α, 
interferon (IFN)-β and IFN-γ (Uchide et al. 2002a, 2002b). It should be noted that these phenomena 296
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are not observed in cultured amnion cells, yet the 
virus replicates in the cells (Uchide et al. 2002a, 
2002b). On the basis of these results, we have sug-
gested that fetal membrane chorion cells play a 
pivotal role in the pathogenesis of pregnancy-
associated complications during intrauterine 
inﬂ  uenza virus infection through the induction of 
apoptosis and pro-inﬂ  ammatory cytokine gene 
expression (Uchide et al. 2005a).
Apoptosis induction has been deﬁ  ned as the 
elimination of dying cells without inducing an 
inflammatory response (Wyllie et al. 1980). 
However, this conventional deﬁ  nition may not be 
ﬁ  t in a certain situation, such as pathogen invasion, 
that induces an inﬂ  ammatory response, resulting 
in the activation of an immune response (Restifo, 
2000). Recent studies suggest that the phagocyto-
sis of inﬂ  uenza virus-infected cells undergoing 
apoptosis by macrophages plays a critical role in 
the presentation of viral antigen to T lymphocytes, 
the inhibition of virus growth and the prevention 
of virus dissemination in the infected organs 
(Albert et al. 1998; Fujimoto et al. 2000; Mori et al. 
2002; Shiratsuchi et al. 2000; Watanabe et al. 2002, 
2004, 2005). It has been postulated that immature 
monocytes in the bloodstream are able to differen-
tiate to macrophages in order to phagocytose 
apoptotic cells resulting from the virus infection. 
However, it is still not clear how monocytes are 
attracted to virus-infected cells and then differentiate 
to macrophages.
Interestingly, we found that monocyte differen-
tiation-inducing (MDI) activity in the culture super-
natants of chorion cells is increased by inﬂ  uenza 
virus infection in the process of apoptosis (Uchide 
et al. 2002c). In this article, we summarize recent 
knowledge about the MDI factors derived from 
human fetal membrane chorion cells undergoing 
apoptosis after inﬂ  uenza virus infection, and discuss 
their possible pathological roles during pregnancy.
Molecular and Biological 
Characteristics of MDI Factors
Monocyte differentiation
Human monoblastic leukemia THP-1 cells are 
shown to differentiate to macrophages capable of 
adhering to a substrate and phagocytosing yeasts 
and immunoglobulin G-coated sheep red blood 
cells after the treatment with 12-O-tetradec-
anoylphorbol 13-acetate (TPA) (Tsuchiya et al. 
1982). We examined the effect of heated culture 
supernatants of chorion and amnion cells on mono-
cyte differentiation using THP-1 cells (Uchide 
et al. 2002c). THP-1 cells became adherent to 
plastic plates by the incubation with heated culture 
supernatants of inﬂ  uenza virus-infected chorion 
cells (IV-C-sup), the extent of which was much 
higher than that with culture supernatants of mock-
infected chorion cells (Mock-C-sup). Interestingly, 
THP-1 cells did not acquire the adherence activity 
when the cells were incubated with culture super-
natants of mock and influenza virus-infected 
amnion cells (Mock-A-sup and IV-A-sup, respec-
tively). The Giemsa staining method showed that 
non-treated THP-1 cells were round, the nucleo-
cytoplasmic ratio was 1, and the cytoplasm was 
highly basophilic with a few vacuoles. In contrast, 
the THP-1 cells adhered to coverslips after the 
incubation with IV-C-sup were irregularly shaped, 
the nucleocytoplasmic ratio decreased to 1, and 
the cytoplasm was weakly basophilic with many 
vacuoles. Furthermore, adhered THP-1 cells 
phagocytosed many ﬂ  uorescent latex particles. 
These results demonstrate that THP-1 cells are 
morphologically and functionally differentiated to 
macrophages by the incubation with heat-stable 
soluble factors in IV-C-sup. Therefore, we have 
suggested for the ﬁ  rst time that inﬂ  uenza virus-
infected chorion cells undergoing apoptosis secrete 
heat-stable MDI factors (Uchide et al. 2002c).
Phagocytosis of apoptotic cell debris
We investigated the effect of soluble factors, which 
are derived from chorion cells, on phagocytotic 
reactions by macrophages (Uchide and Toyoda, 
2007b). Since chorion cells were detached from a 
substrate due to apoptosis resulting from the virus 
infection (Uchide et al. 2002a), the apoptotic 
chorion cell debris was collected for the analysis. 
Adherent THP-1 cells were obtained by the 
treatment with IV-C-sup and then incubated with 
the apoptotic chorion cell debris in IV-C-sup or 
fresh medium. When incubated with IV-C-sup viral 
nucleoprotein-positive particles were detected 
within adherent THP-1 cells by immunohisto-
chemical analysis, while such particles were not 
detected when incubated with fresh medium. These 
results suggest that the matured macrophages, 
obtained by the treatment with MDI factors, 
phagocytose apoptotic chorion cell debris resulting 
from the virus infection, and moreover that chorion 297
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cells secrete heat-stable soluble factors to support 
phagocytotic reaction by macrophages.
To elucidate the presence of heat-stable soluble 
factors to support phagocytosis by macrophages, 
we examined the effect of fresh medium, heated 
Mock-C-sup, heated IV-C-sup and non-heated 
IV-C-sup on adhesion and phagocytosis activities 
of macrophages obtained by the treatment with 
MDI factors (Uchide and Toyoda, 2007b). When 
adherent THP-1 cells obtained after the treatment 
with IV-C-sup were incubated with apoptotic 
chorion cell debris in fresh medium, the total cell 
number of adherent THP-1 cells was signiﬁ  cantly 
decreased as compared to IV-C-sup, and no phago-
cytosing THP-1 cells were observed as described 
above. In contrast to fresh medium, the incubation 
in Mock-C-sup retained the adhesion and phago-
cytosis activities as well as IV-C-sup. The 
incubation in non- heated IV-C-sup somewhat 
increased the total cell number of adhered THP-1 
cells as compared to IV-C-sup, accompanying by 
the increase in number of phagocytosing THP-1 
cells. These results substantiated that chorion cells 
secrete heat-stable soluble factors with the activity 
of maintaining both adhesion and phagocytosis 
activities of macrophages irrespective of inﬂ  uenza 
virus infection. It is known that macrophage migra-
tion inhibitory factor (MIF) maintains macrophage 
adhesion and is heat-stable (Weiss and Glaves, 
1975), and moreover that MIF stimulates the 
phagocytotic activity of macrophage-like RAW 
264.7 cells (Onodera et al. 1997). Additionally, 
MIF mRNA and its protein are detected in amnio-
chorion tissues (Marvin et al. 2002; Ietta et al. 
2002). Therefore, it seems that the chorion cell-
derived MIF-like activity plays a fundamental role 
in the functions of matured macrophages, such as 
adhesion and phagocytosis. Recently, Hashimoto 
and co-workers reported that the phagocytotic 
activity of macrophages is stimulated in vitro by 
heat-labile substances released from inﬂ  uenza 
virus-infected HeLa cells undergoing apoptosis 
(Hashimoto et al. 2007), the molecules of which 
seem to be different from heat-stable factors with 
MIF-like activity in IV-C-sup according to their 
physicochemical properties.
Superoxide production
The cellular biological characteristics of MDI 
factors were further analyzed by the nitroblue 
tetrazolium (NBT) reduction test for measuring the 
ability of superoxide production (Uchide et al. 
2006b). When human peripheral blood monocytes 
as well as monoblastic THP-1 and histiocytic U937 
leukemia cells were treated with IV-C-sup, these 
cells acquired the ability of NBT reduction, which 
was much higher than that with Mock-C-sup. The 
induced NBT reduction was inhibited by the 
addition of superoxide dismutase and diphenyle-
neiodonium chloride, an inhibitor for reduced 
nicotinamide adenine dinucleotide phosphate 
(NADPH) oxidase, indicating that NBT was 
reduced by superoxide resulting from the activation 
of NADPH oxidase. In contrast, the treatments 
with Mock-A-sup and IV-A-sup had no effect on 
the NBT reduction ability in THP-1 cells. There-
fore, these results suggest that the MDI factors 
induce the differentiation of human peripheral 
blood monocytes and monocytic lineage cells to 
well-matured macrophages capable of producing 
superoxide through NADPH oxidase.
Gene regulation by MDI factors
Our unpublished data showed that a large propor-
tion (76%) of THP-1 cells acquired both adherence 
and superoxide production abilities after the 
incubation with IV-C-sup, but a small proportion 
(24%) acquired only superoxide production ability. 
It is well known that class A scavenger receptor 
(SR-A) on the cell surface of macrophages is one 
of adhesion and apoptotic cell-recognizing mole-
cules (Peiser and Gordon, 2001), and the treatment 
with TPA dramatically induces the expression of 
SR-A mRNA in THP-1 cells (Liao et al. 1999). 
Additionally, membrane-integrated protein 
gp91
phox, existing as a heterodimer with p22
phox, 
functions as the catalytic core of the phagocyte 
NADPH oxidase (Minakami and Sumimoto, 
2006), and the treatment with IFN-γ or TPA induces 
the expression of gp91
phox, not p22
phox, mRNA in 
THP-1 cells (Newburger et al. 1988). We investi-
gated the effect of MDI factors on SR-A, gp91
phox 
and p22
phox mRNA expression in adhered and 
suspended THP-1 cells discriminately (Uchide 
et al. 2002c; our unpublished data). The levels of 
SR-A mRNA expression were increased in only 
adhered, not suspended, THP-1 cells after the 
incubation with IV-C-sup, while the levels of 
gp91
phox mRNA expression were increased in both 
adhered and suspended THP-1 cells. However, the 
levels of p22
phox mRNA expression were not 
changed. These results suggest that MDI factors 298
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induce the expression of SR-A and gp91
phox genes, 
resulting in the differentiation of monocytes to 
well-matured macrophages capable of adhering 
and producing superoxide by NADPH oxidase.
Possible member of MDI factors
Physicochemical and biochemical properties of the 
MDI factors in IV-C-sup were investigated (our 
unpublished data). The MDI activity was remained 
in the inner dialysate of IV-C-sup and stable at 
56 °C but labile at 100 °C. Treatments of IV-C-sup 
with trichloroacetic acid and trypsin entirely 
decreased the MDI activity. In contrast, the 
treatment with dithiothreitol signiﬁ  cantly increased 
the activity. These results suggest that the MDI 
factors in IV-C-sup are heat-stable peptidyl mac-
romolecules, and a reduced form of the factors is 
more active than its oxidized form.
Physiological program of monocyte differen-
tiation to macrophage normally proceeds under the 
control of several cytokines in a coordinate manner. 
For example, IL-6 induces the differentiation of 
human monocytic leukemia cell lines including 
THP-1 cells to macrophages capable of producing 
superoxide, the activity of which is synergistically 
enhanced in combination with either IL-1, TNF-α 
or IFN-γ (Noda et al. 1991; Takeda et al. 1988). 
We investigated the contribution of IL-1β, IL-6, 
TNF-α, IFN-β and IFN-γ to MDI activity in IV-C-
sup. Immature form of IL-1β (proIL-1β) protein 
was accumulated within cultured chorion cells in 
response to inﬂ  uenza virus infection, although 
IL-1β protein was not secreted from the cells 
(Uchide et al. 2006a). Considerable amounts of 
IL-6, TNF-α and IFN-β proteins and a trace 
amount of IFN-γ protein were secreted from the 
virus-infected chorion cells prior to undergoing 
apoptosis (Uchide et al. 2002b, 2006a). The induc-
tion of both adhesion and NBT reduction abilities 
was well correlated with the increase of IL-6 
protein concentrations in IV-C-sup (Uchide et al. 
2006b). It is known that IL-6 receptor α-chain 
(gp80) binds to IL-6 (Kishimoto et al. 1992), 
whereas IL-6 receptor β-chain (gp130) itself does 
not bind to IL-6, but associates with the α-chain/
IL-6 complex and is responsible for signal 
transduction (Taga et al. 1989). The addition of 
respective antibodies against IL-6 and its receptor 
subunits, gp80 and gp130, inhibited the induction 
of adhesion and NBT reduction abilities by IV-C-
sup (Uchide et al. 2006b). The combination of 
these antibodies suppressed 60% of NBT 
reduction induced by IV-C-sup (our unpublished 
data). Moreover, the addition of respective 
antibodies against TNF-α and IFN-β also inhibited. 
Although the addition of antibody against IFN-γ 
inhibited the induction of NBT reduction ability 
by recombinant human (rh) IFN-γ, it did not inhibit 
the inducible effect of IV-C-sup on NBT reduction. 
In addition, both superoxide production and adhe-
sion abilities were reconstituted with recombinant 
cytokines (e.g. rhIL-6, rhTNF-α and rhIFN-β). It 
is reported that IL-6, TNF-α and IFN-β molecules 
are heat-stable at 56 °C for 30 min, but IFN-γ 
molecule is labile (Roberts and Vasil, 1982; Uchide 
et al. 2006a; Wiedbrauk and Burleson, 1986). On 
the basis of these results, our studies suggest that 
MDI activity is predominantly inﬂ  uenced by IL-6 
molecule in culture supernatants, and partly by 
TNF-α and IFN-β, but not IFN-γ, molecules.
MDI activity is also detected in the supernatants 
of amniochorion tissue homogenate. Inﬂ  uenza 
virus infection promoted apoptotic cellular degra-
dation in isolated amniochorion tissues in organ 
cultures and stimulated the secretion of MDI activ-
ity, and IL-6 and TNF-α proteins from the tissues 
(Uchide et al. 2006a, 2006b). It is possible that 
chorion cells contribute to the production of MDI 
factors containing IL-6 and TNF-α by amniocho-
rion tissues in response to inﬂ  uenza virus infection. 
Monocytes/macrophages are normally present in 
the maternal decidua tissues in large numbers but 
limited numbers in the fetal chorion and amnion 
tissues (Vince and Johnson, 2000). Interaction of 
peripheral blood mononuclear cells with vessel 
wall involves initial tethering, rolling and ﬁ  rm 
adhesion to the endothelium, followed by their 
extravasation to the subendothelial space. Follow-
ing transendothelial migration, monocytes come 
into close proximity with subendothelial matrix 
macromolecules. It has been demonstrated that 
monocytes are differentiated to macrophages by 
the contact with extracellular matrix proteins, such 
as type I and IV collagen and ﬁ  bronectin (Jacob 
et al. 2002). This suggests that macrophages are 
recruited into normal tissues by the contact of 
monocytes with matrix proteins in physiological 
conditions. In contrast, various infectious agents 
induce the expression of pro-inﬂ  ammatory cyto-
kine genes. It has been demonstrated that 
pro-inﬂ  ammatory cytokines, such as IL-1α and 
TNF-α, stimulate the adhesion and transendothe-
rial migration of monocytes (Kindle et al. 2006), 299
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and that monocytes are differentiated to mature 
macrophages by MDI factors containing IL-6, 
TNF-α and IFN-β without the contact with matrix 
protein. Accordingly, in pathological conditions, 
it is likely that many matured macrophages are 
recruited into the inﬂ  amed tissues infected with 
inﬂ  uenza virus by MDI factors secreted from the 
host cells independent on the contact with extracel-
lular matrix proteins.
Gene regulation of MDI factors
Pyrrolidine dithiocarbamate (PDTC) and 1-β-D-
ribofuranosyl-1, 2, 4-triazole-3-carboxamide 
(ribavirin) are shown to inhibit the replication and 
transcription of inﬂ  uenza virus gene (Uchide et al. 
2002d, 2002e; Uchide and Ohyama, 2003). Both 
reagents also inhibited the induction of IL-6 and 
TNF-α mRNA expression in chorion cells after the 
virus infection and the secretion of IL-6 and TNF-α 
proteins from the cells (Uchide et al. 2007a, our 
unpublished data). These results suggest that the 
synthesis of viral macromolecules is prerequi-
site for the induction of the expression of pro-
inﬂ  ammatory cytokine genes, such as IL-6 and 
TNF-α, in chorion cells after influenza virus 
infection. Since nordihydroguaiaretic acid 
(NDGA) is shown to inhibit influenza virus 
proliferation in chorion cells (Uchide et al. 2005b), 
it is predicted that NDGA can also inhibit the 
induction of pro-inflammatory cytokine gene 
expression as well as PDTC and ribavirin.
The transcription of IL-6, TNF-α and IFN-β 
genes is activated by transcription nuclear factor 
(NF)-κB (Baeuerle and Henkel, 1994). Since the 
expression of influenza virus genes, such as 
hemagglutinin, matrix protein and nucleoprotein, 
activates the NF-κB-dependent transcription of 
luciferase gene (Pahl and Baeuerle, 1995; Flory 
et al. 2000), it is possible that the transcription of 
IL-6, TNF-α and IFN-β genes is activated in 
chorion cells in response to the synthesis of inﬂ  u-
enza virus macromolecules.
Inhibitors of p38 mitogen-activated protein 
(MAP) kinase, SB203580 and SB202190, inhibited 
TNF-α protein secretion from chorion cells after 
inﬂ  uenza virus infection but not TNF-α mRNA 
accumulation and viral gene replication and tran-
scription in the cells (Uchide et al. 2007a). 
Therefore, the study suggests that a common p38 
MAP kinase pathway is involved in the process of 
pro-inﬂ  ammatory cytokine gene expression in the 
virus-infected chorion cells at a post-transcriptional 
level.
It has been demonstrated that the human fetal 
membrane tissues in organ culture produce not 
only pro-inﬂ  ammatory cytokines but also anti-
inﬂ  ammatory cytokines, such as IL-10 and trans-
forming growth factor-β. Furthermore, IL-10 
showed down-regulation of mRNA expression and 
protein production of pro-inﬂ  ammatory cytokines, 
such as IL-1β, IL-8 and TNF-α, in the fetal mem-
brane tissues stimulated with bacterial toxin 
lipopolysaccharide (Uchide et al. 2005a). It seems 
that the balance between pro- and anti-inﬂ  ammatory 
cytokine productions is important to control 
inﬂ  ammation of the fetal membranes. Although 
the mRNA expression of IL-1β, IL-6, TNF-α, IFN-
β, IFN-γ and granulocyte monocyte colony-stimu-
lating factor in chorion cells was induced by 
inﬂ  uenza virus infection (Uchide et al. 2002b), the 
expression of IL-10 mRNA was not (our unpub-
lished data). Therefore, it is likely the production 
of IL-6, TNF-α and IFN-β by chorion cells in 
response to influenza virus infection plays a 
beneﬁ  cial role in the innate immune mechanisms 
against the virus infection through the induction 
of monocyte differentiation to mature macro-
phages. Therefore, pregnancy-associated compli-
cations could occur when the induction of 
pro-inﬂ  ammatory cytokine production by inﬂ  uenza 
virus infection overwhelms a capacity of anti-
inﬂ  ammatory cytokines in the fetal membranes.
Conclusions
As illustrated in Figure 1, it is possible that the 
gene transcription of MDI factors containing IL-6, 
TNF-α and IFN-β is activated in chorion cells 
responding to the synthesis of inﬂ  uenza virus 
macromolecules (i.e. viral proteins and RNAs) 
prior to undergoing apoptosis. MDI factors are 
secreted from the virus-infected chorion cells 
depending on the induction of mRNA expression, 
and a common p38 MAP kinase pathway is 
involved in the process of gene expression of MDI 
factors at a post-transcriptional level. Secreted 
MDI factors bind to their receptors on monocytes 
in the decidua tissue. After that, monocytes are 
differentiated to well-matured macrophages 
capable of phagocytosing and producing superox-
ide through NADPH oxidase as a result of the 
induction of SR-A and gp91
phox gene expression 
by MDI factors. The matured macrophages 300
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phagocytose apoptotic chorion cell debris resulting 
from the virus infection. NADPH oxidase present 
in phagocytes is activated during phagocytosis, 
resulting in an abrupt increase of superoxide pro-
duction known as oxidative burst (Minakami and 
Sumimoto, 2006). The production of superoxide 
by phagocyte NADPH oxidase is necessary for 
remodeling tissues damaged by infectious agents 
(Cohen et al. 1981). However, it is known that an 
excessive production of superoxide by phagocyte 
NADPH oxidase is implicated in the pathogenesis 
of inﬂ  uenza virus in the infected organs (Snelgrove 
et al. 2006). Apoptosis of chorionic trophoblast 
cells in the amniochorion tissues obtained at 
the end of pregnancy was progressed by the in 
vitro incubation, which was suppressed by the 
addition of antioxidative reagents [PDTC, NDGA, 
N-acetyl-L-cysteine and 6-hydroxyl-2, 5, 7, 
8-tetramethylchroman-2-carboxylic acid (Trolox), 
a water-soluble analogue of vitamin E], general 
and selective cyclooxygenase (Cox)-2 inhibitors 
(indomethacin and nimesride, respectively) and 
inducible nitric oxide synthase (iNOS) inhibitor 
(2-amino-5, 6-dihydro-6-methyl-4H-1, 3-thiazine) 
to the medium (Ohyama et al. 2001; Yuan et al. 
2006). The expression levels of Cox-2 and iNOS 
mRNAs as well as proteins were increased in the 
isolated chorion tissues during the in vitro incuba-
tion (Yuan et al. 2006), resulting in the production 
of reactive oxygen species, such as superoxide and 
nitric oxide. Furthermore, apoptosis was induced 
in cultured chorion, but not amnion, cells by the 
treatment with a nitric oxide donor reagent, sodium 
nitroprusside (Yuan et al. 2006). It has been known 
that peroxynitrite, a strong oxidant, is formed when 
superoxide and nitric oxide are produced at near 
Figure 1. A possible tissue injury model of fetal membranes during intrauterine inﬂ  uenza virus infection.
MDI factors containing IL-6, TNF-α and IFN-β are secreted from chorion cells in response to the synthesis of inﬂ  uenza virus macromolecules 
prior to apoptotic cell death. The MDI factors bind to their receptors on maternal monocytes in the decidua tissue, resulting in the expression 
of SR-A and gp91
phox genes. The matured macrophages phagocytose apoptotic chorion cell debris resulting from the virus infection. It is 
possible that an abrupt increase in superoxide production by phagocyte NADPH oxidase occurs during phagocytosis, and superoxide induces 
apoptosis in non-infected chorion cells. MDI factors-relating these pathways represent part of mechanisms of pregnancy-associated com-
plications during intrauterine inﬂ  uenza virus infection.
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equimolar ratios (Virag et al. 2003), and that Trolox 
inhibits peroxynitrite-mediated apoptosis in rat 
thymocytes (Salgo and Pryor, 1996). These results 
suggest that the induction of apoptosis in the cho-
rionic trophoblast cells is mediated through 
peroxynitrite resulting from the induction of Cox-2 
and iNOS gene expression. Conceivably, superox-
ide produced by macrophages phagocytosing 
apoptotic chorion cell debris resulting from 
inﬂ  uenza virus infection may injure the fetal mem-
branes through inducing apoptosis in non-infected 
chorion cells in vivo situation. Consequently, MDI 
factors derived from influenza virus-infected 
chorion cells undergoing apoptosis play a possible 
pathological role in pregnancy through these 
pathways. Since PDTC and NDGA exhibit not only 
antiviral activity but also superoxide-scavenging 
activity (Floriano-Sanchez et al. 2006; Shi et al. 
2000), they are candidates for a drug of choice for 
anti-inﬂ  uenza treatment as multifunctional agents 
with antiviral and antioxidant activities (Uchide 
and Toyoda, 2007c).
Acknowledgement
We thank Prof. Joel M. Palefsky of UCSF School 
of Medicine for critical reading this manuscript. 
This work was supported in part by grants from 
the Ministry of Education, Culture, Sports, 
Science and Technology and by the Promotion 
and Mutual Aid Corporation for Private School 
of Japan.
References
Albert, M.L., Sauter, B. and Bhardwaj, N. 1998. Dendritic cells acquire 
antigen from apoptotic cells and induce class I-restricted CTLs. 
Nature, 392:86–9.
Baeuerle, P.A. and Henkel, T. 1994. Function and activation of NF-κB in 
the immune system. Annu. Rev. Immunol., 12:141–79.
Cohen, M.S., Isturiz, R.E., Malech, H.L. et al. 1981. Fungal infection in 
chronic granulomatous disease. The importance of the phagocyte in 
defense against fungi. Am. J. Med., 71:59–66.
Floriano-Sanchez, E., Villanueva, C., Medina-Campos, O.N. et al. 2006. 
Nordihydroguaiaretic acid is a potent in vitro scavenger of peroxyni-
trite, singlet oxygen, hydroxyl radical, superoxide anion and hypo-
chlorous acid and prevents in vivo ozone-induced tyrosine nitration 
in lungs. Free Radic. Res., 40:523–33.
Flory, E., Kunz, M., Scheller, C. et al. 2000. Inﬂ  uenza virus induced NF-κB-
dependent gene expression is mediated by overexpression of viral 
proteins and involves oxidative radicals and activation of IκB kinase. 
J. Biol. Chem., 275:8307–14.
Fujimoto, I., Pan, J., Takizawa, T. et al. 2000. Virus clearance through 
apoptosis-dependent phagocytosis of inﬂ  uenza A virus-infected cells 
by macrophages. J. Virol., 74:3399–403.
Grossman, J.H. and Dennis, L.G. 1987. Infections affecting the placenta. 
In: Lavery JP, ed. The human placenta. Maryland: Aspen Publishers 
Inc., p 131–54.
Hardy, J.M., Azarowicz, E.N., Mannini, A. et al. 1961. The effect of Asian 
inﬂ  uenza on the outcome of pregnancy, Baltimore, 1957–1958. Am. J. 
Public Health, 51:1182–8.
Harris, J.W. 1919. Inﬂ  uenza occurring in pregnant women: A statistical 
study of thirteen hundred and fifty cases. J. Am. Med. Assoc., 
72:978–80.
Hartert, T.V., Neuzil, K.M., Shintani, A.K. et al. 2003. Maternal morbidity 
and perinatal outcomes among pregnant women with respiratory 
hospitalizations during inﬂ  uenza season. Am. J. Obstet. Gynecol., 
189:1705–12.
Hashimoto, Y., Moki, T., Takizawa, T. et al. 2007. Evidence for phagocy-
tosis of inﬂ  uenza virus-infected, apoptotic cells by neutrophils and 
macrophages in mice. J. Immunol., 178:2448–57.
Ietta, F., Todros, T., Ticconi, C. et al. 2002. Macrophage migration inhibitory 
factor in human pregnancy and labor. Am. J. Reprod. Immunol., 
48:404–9.
Jacob, S.S., Shastry, P. and Sudhakaran, P.R. 2002. Monocyte-macrophage 
differentiation in vitro: modulation by extracellular matrix protein 
substratum. Mol. Cell. Biochem., 233:9–17.
Jewett, J.F. 1974. Inﬂ  uenzal pneumonia at term. N. Engl. J. Med., 291:256–7.
Kindle, L., Rothe, L., Kriss, M. et al. 2006. Human microvascular endothe-
lial cell activation by IL-1 and TNF-a stimulates the adhesion and 
transendothelial migration of circulating human CD14
+ monocytes 
that develop with RANKL into functional osteoclasts. J. Bone Miner. 
Res., 21:193–206.
Kishimoto, T., Akira, S. and Taga, T. 1992. Interleukin-6 and its receptor: 
a paradigm for cytokines. Science, 258:593–7.
Lavery, J.P. 1987. Appendages of the placenta. In: Lavery JP, ed. The human 
placenta. Maryland: Aspen Publishers Inc., p 257–79.
Lehmann, N.I. and Gust, I.D. 1971. Viraemia in inﬂ  uenza. A report of two 
cases. Med. J. Aust, 2:1166–9.
Liao, H.S., Matsumoto, A., Itakura, H. et al. 1999. De novo expression of 
the class-A macrophage scavenger receptor conferring resistance to 
apoptosis in differentiated human THP-1 monocytic cells. Cell. Death 
Differ., 6:245–55.
Marvin, K.W., Keelan, J.A., Eykholt, R.L. et al. 2002. Use of cDNA arrays 
to generate differential expression proﬁ  les for inﬂ  ammatory genes 
in human gestational membranes delivered at term and preterm. 
Mol. Hum. Reprod., 8:399–408.
McGregor, J.A., Burns, J.C., Levin, M.J. et al. 1984. Transplacental passage 
of inﬂ  uenza A/Bangkok (H3N2) mimicking amniotic ﬂ  uid infection 
syndrome. Am. J. Obstet. Gynecol., 149:856–9.
Minakami, R. and Sumimoto, H. 2006. Phagocytosis-coupled activation of 
the superoxide-producing phagocyte oxidase, a member of the 
NADPH oxidase (nox) family. Int. J. Hematol., 84:193–8.
Mori, I., Goshima, F., Imai, Y. et al. 2002. Olfactory receptor neurons prevent 
dissemination of neurovirulent inﬂ  uenza A virus into the brain by 
undergoing virus-induced apoptosis. J. Gen. Virol., 83:2109–16.
Naﬁ  cy, K. 1963. Human inﬂ  uenza infection with proved viremiaReport of 
a case. N. Engl. J. Med., 269:964–6.
Neuzil, K.M., Reed, G.W., Mitchel, E.F. et al. 1998. Impact of inﬂ  uenza on 
acute cardiopulmonary hospitalizations in pregnant women. Am. J. 
Epidemiol., 148:1094–102.
Newburger, P.E., Ezekowitz, R.A., Whitney, C. et al. 1988. Induction of 
phagocyte cytochrome b heavy chain gene expression by interferon-γ. 
Proc. Natl. Acad. Sci. U.S.A., 85:5215–9.
Noda, M., Takeda, K., Sugimoto, H. et al. 1991. Puriﬁ  cation and character-
ization of human ﬁ  broblast derived differentiation inducing factor 
for human monoblastic leukemia cells identical to interleukin-6. 
Anticancer Res., 11:961–8.
Ohyama, K., Yuan, B., Bessho, T. et al. 2001. Progressive apoptosis in 
chorion laeve trophoblast cells of human fetal membrane tissues 
during in vitro incubation is suppressed by antioxidative reagents. 
Eur. J. Biochem., 268:6182–9.
Onodera, S., Suzuki, K., Matsuno, T. et al. 1997. Macrophage migration 
inhibitory factor induces phagocytosis of foreign particles by macro-
phages in autocrine and paracrine fashion. Immunology, 92:131–7.302
Uchide and Toyoda
Gene Regulation and Systems Biology 2007:1 
Pahl, H.L. and Baeuerle, P.A. 1995. Expression of influenza virus 
hemagglutinin activates transcription factor NF-κB. J. Virol., 
69:1480–4.
Peiser, L. and Gordon, S. 2001. The function of scavenger receptors 
expressed by macrophages and their role in the regulation of inﬂ  am-
mation. Microbes Infect., 3:149–59.
Restifo, N.P. 2000. Building better vaccines: how apoptotic cell death can 
induce inﬂ  ammation and activate innate and adaptive immunity. Curr. 
Opin. Immunol., 12:597–603.
Ritova, V.V., Schastnyi, E.I., Ratushkina, L.S. et al. 1979. Investigation of 
the incidence of inﬂ  uenza A viraemia caused by virus strains circulat-
ing among children in 1968–1977. J. Hyg. Epidemiol. Microbiol. 
Immunol., 23:35–41.
Roberts, W.K. and Vasil, A. 1982. Evidence for the identity of murine gamma 
interferon and macrophage activating factor. J. Interferon Res., 
2:519–32.
Rushton, D.I., Collie, M.H., Sweet, C. et al. 1983. The effects of maternal 
inﬂ  uenzal viremia in late gestation on the conceptus of the pregnant 
ferret. J. Pathol., 140:181–91.
Salgo, M.G. and Pryor, W.A. 1996. Trolox inhibits peroxynitrite-mediated 
oxidative stress and apoptosis in rat thymocytes. Arch. Biochem. 
Biophys., 333:482–8.
Shi, X., Leonard, S.S., Wang, S. et al. 2000. Antioxidant properties of 
pyrrolidine dithiocarbamate and its protection against Cr(VI)-induced 
DNA strand breakage. Ann. Clin. Lab. Sci., 30:209–16.
Shiratsuchi, A., Kaido, M., Takizawa, T. et al. 2000. Phosphatidylserine-
mediated phagocytosis of inﬂ  uenza A virus-infected cells by mouse 
peritoneal macrophages. J. Virol., 74:9240–4.
Snelgrove, R.J., Edwards, L., Rae, A.J. et al. 2006. An absence of reactive 
oxygen species improves the resolution of lung inﬂ  uenza infection. 
Eur. J. Immunol., 36:1364–73.
Stanley, E.D. and Jackson, G.G. 1966. Viremia in Asian inﬂ  uenza. Trans. 
Assoc. Am. Physicians, 79:376–87.
Stanwell-Smith, R., Parker, A.M., Chakraverty, P. et al. 1994. Possible 
association of inﬂ  uenza A with fetal loss: investigation of a cluster 
of spontaneous abortions and stillbirths. Commun. Dis. Rep. CDR. 
Rev., 4:R28–32.
Sweet, C., Collie, M.H., Toms, G.L. et al. 1977. The pregnant guinea-pig 
as a model for studying inﬂ  uenza virus infection in utero: infection 
of foetal tissues in organ culture and in vivo. Br. J. Exp. Pathol., 
58:133–9.
Taga, T., Hibi, M., Hirata, Y. et al. 1989. Interleukin-6 triggers the associa-
tion of its receptor with a possible signal transducer, gp130. Cell, 
58:573–81.
Takeda, K., Hosoi, T., Noda, M. et al. 1988. Effect of ﬁ  broblast-derived 
differentiation inducing factor on the differentiation of human mono-
cytoid and myeloid leukemia cell lines. Biochem. Biophys. Res. 
Commun., 155:24–31.
Tsuchiya, S., Kobayashi, Y., Goto, Y. et al. 1982. Induction of maturation 
in cultured human monocytic leukemia cells by a phorbol diester. 
Cancer Res., 42:1530–6.
Uchide, N., Ohyama, K., Bessho, T. et al. 2002a. Apoptosis in cultured 
human fetal membrane cells infected with inﬂ  uenza virus. Biol. 
Pharm. Bull., 25:109–14.
Uchide, N., Ohyama, K., Bessho, T. et al. 2002d. Effect of antioxidants on 
apoptosis induced by inﬂ  uenza virus infection: inhibition of viral 
gene replication and transcription with pyrrolidine dithiocarbamate. 
Antiviral Res., 56:207–17.
Uchide, N., Ohyama, K., Bessho, T. et al. 2002e. Semi-quantitative RT-
PCR-based assay, improved by Southern hybridization technique, 
for polarity-speciﬁ  c inﬂ  uenza virus RNAs in cultured cells. J. Virol. 
Methods, 106:125–34.
Uchide, N., Ohyama, K., Bessho, T. et al. 2005a. Induction of pro-
inﬂ  ammatory cytokine gene expression and apoptosis in human 
chorion cells of fetal membranes by inﬂ  uenza virus infection: pos-
sible implications for maintenance and interruption of pregnancy 
during infection. Med. Sci. Monit., 11:RA7–16.
Uchide, N., Ohyama, K., Bessho, T. et al. 2005b. Inhibition of inﬂ  uenza 
virus-induced apoptosis in chorion cells of human fetal membranes 
by nordihydroguaiaretic acid. Intervirology, 48:336–40.
Uchide, N., Ohyama, K., Bessho, T. et al. 2007a. Effects of mitogen-activated 
protein kinase inhibitors on tumor necrosis factor-a gene expression 
and apoptosis induction in cultured human fetal membrane chorion 
cells infected with inﬂ  uenza virus. Intervirology, 50:99–107.
Uchide, N., Ohyama, K., Yuan, B. et al. 2002b. Differential mRNA expres-
sion of inﬂ  ammatory cytokines in cultured human fetal membrane 
cells responding to inﬂ  uenza virus infection. Biol. Pharm. Bull., 
25:239–43.
Uchide, N., Ohyama, K., Yuan, B. et al. 2002c. Differentiation of monocytes 
to macrophages induced by inﬂ  uenza virus-infected apoptotic cells. 
J. Gen. Virol., 83:747–51.
Uchide, N. and Ohyama, K. 2003. Antiviral function of pyrrolidine dithio-
carbamate against inﬂ  uenza virus: the inhibition of viral gene repli-
cation and transcription. J. Antimicrob. Chemother., 52:8–10.
Uchide, N., Suzuki, A., Ohyama, K. et al. 2006a. Secretion of bioactive 
interleukin-6 and tumor necrosis factor-a proteins from primary 
cultured human fetal membrane chorion cells infected with inﬂ  uenza 
virus. Placenta, 27:678–90.
Uchide, N., Tadera, C., Sarai, H. et al. 2006b. Characterization of monocyte 
differentiation-inducing (MDI) factors derived from human fetal 
membrane chorion cells undergoing apoptosis after inﬂ  uenza virus 
infection. Int. J. Biochem. Cell. Biol., 38:1926–38.
Uchide, N. and Toyoda, H. 2007b. Molecular pathogenesis of inﬂ  uenza 
virus infection: apoptosis induction and macrophage activation. 
In: Demasi AR, ed. Cellular Signaling and Apoptosis Research. 
New York: Nova Science Publishers Inc., p 91–128.
Uchide, N. and Toyoda, H. 2007c. Potential of selected antioxidants 
for influenza chemotherapy. Anti-infect Agents Medic. Chem., 
(in press).
Vince, G.S. and Johnson, P.M. 2000. Leucocyte populations and cytokine 
regulation in human uteroplacental tissues. Biochem. Soc. Transact., 
28:191–5.
Virag, L., Szabo, E., Gergely, P. and Szabo, C. 2003. Peroxynitrite-induced 
cytotoxicity: mechanism and opportunities for intervention. Toxicol. 
Lett., 140–141:113–24.
Watanabe, Y., Shiratsuchi, A., Shimizu, K. et al. 2002. Role of phosphati-
dylserine exposure and sugar chain desialylation at the surface of 
inﬂ  uenza virus-infected cells in efﬁ  cient phagocytosis by macro-
phages. J. Biol. Chem., 277:18222–8.
Watanabe, Y., Shiratsuchi, A., Shimizu, K. et al. 2004. Stimulation of 
phagocytosis of inﬂ  uenza virus-infected cells through surface desi-
alylation of macrophages by viral neuraminidase. Microbiol. 
Immunol., 48:875–81.
Watanabe, Y., Hashimoto, Y., Shiratsuchi, A. et al. 2005. Augmentation of 
fatality of inﬂ  uenza in mice by inhibition of phagocytosis. Biochem. 
Biophys. Res. Commun., 337:881–6.
Weiss, L. and Glaves, D. 1975. Effects of migration inhibiting factor(s) on 
the in vitro detachment of macrophages. J. Immunol., 115:1362–5.
Wiedbrauk, D.L. and Burleson, G.R. 1986. Production and characterization 
of poly(I):poly(C)-induced rat interferons in vitro. J. Interferon Res., 
6:281–95.
Wyllie, A.H., Kerr, J.F. and Currie, A.R. 1980. Cell death: the signiﬁ  cance 
of apoptosis. Int. Rev. Cytol., 68:251–306.
Yawn, D.H., Pyeatte, J.C., Joseph, M.J. et al. 1971. Transplacental transfer 
of inﬂ  uenza virus. J. Am. Med. Assoc., 216:1022–3.
Yuan, B., Ohyama, K., Bessho, T. et al. 2006. Contribution of inducible 
nitric oxide synthase and cyclooxygenase-2 to apoptosis induction 
in smooth chorion trophoblast cells of human fetal membrane tissues. 
Biochem. Biophys. Res. Commun., 341:822–7.